In early brain development, ascending thalamocortical axons (TCAs) navigate through the ventral telencephalon (VTel) to reach their target regions in the young cerebral cortex. Descending, deep-layer cortical axons subsequently target appropriate thalamic and subcortical target regions. However, precisely how and when corticothalamic axons (CTAs) identify their appropriate, reciprocal thalamic targets remains unclear. We show here that EphB1 and EphB2 receptors control proper navigation of a subset of TCA and CTA projections through the VTel. We show in vivo that EphB receptor forward signaling and the ephrinB1 ligand are required during the early navigation of L1-CAM + thalamic fibers in the VTel, and that the misguided thalamic fibers in EphB1/2 KO mice appear to interact with cortical subregion-specific axon populations during reciprocal cortical axon guidance. As such, our findings suggest that descending cortical axons identify specific TCA subpopulations in the dorsal VTel to coordinate reciprocal corticalthalamic connectivity in the early developing brain. I n the developing mammalian brain, proper neural circuitry between the thalamus and cerebral cortex is established through complex axon guidance processes (reviewed in refs. 1 and 2). The reciprocal cortical and thalamic fiber pathways establish critical circuits in the forebrain that mediate sensory processing and motor output (3). During embryonic brain development (∼E11.5-E12.5), pioneer thalamocortical axon (TCA) fibers grow through the prethalamus before making a sharp turn past the diencephalic-telencephalic border (DTB) and into the ventral-most aspect of the ventral telencephalon (VTel), or subpallium, where they establish the internal capsule (IC). TCAs continue to ascend through the VTel toward the developing cortical plate and cross the pallial-subpallial border to reach the cortical intermediate zone (IZ) by age E13.5 (4). At these early ages, the developing VTel comprises the medial and lateral ganglionic eminences and globus pallidus, which together function as intermediate targets for TCA pathfinding and several axon guidance ligands and receptors (5-8) mediate proper guidance.
In early brain development, ascending thalamocortical axons (TCAs) navigate through the ventral telencephalon (VTel) to reach their target regions in the young cerebral cortex. Descending, deep-layer cortical axons subsequently target appropriate thalamic and subcortical target regions. However, precisely how and when corticothalamic axons (CTAs) identify their appropriate, reciprocal thalamic targets remains unclear. We show here that EphB1 and EphB2 receptors control proper navigation of a subset of TCA and CTA projections through the VTel. We show in vivo that EphB receptor forward signaling and the ephrinB1 ligand are required during the early navigation of L1-CAM + thalamic fibers in the VTel, and that the misguided thalamic fibers in EphB1/2 KO mice appear to interact with cortical subregion-specific axon populations during reciprocal cortical axon guidance. As such, our findings suggest that descending cortical axons identify specific TCA subpopulations in the dorsal VTel to coordinate reciprocal corticalthalamic connectivity in the early developing brain.
I
n the developing mammalian brain, proper neural circuitry between the thalamus and cerebral cortex is established through complex axon guidance processes (reviewed in refs. 1 and 2). The reciprocal cortical and thalamic fiber pathways establish critical circuits in the forebrain that mediate sensory processing and motor output (3) . During embryonic brain development (∼E11.5-E12.5), pioneer thalamocortical axon (TCA) fibers grow through the prethalamus before making a sharp turn past the diencephalic-telencephalic border (DTB) and into the ventral-most aspect of the ventral telencephalon (VTel), or subpallium, where they establish the internal capsule (IC). TCAs continue to ascend through the VTel toward the developing cortical plate and cross the pallial-subpallial border to reach the cortical intermediate zone (IZ) by age E13.5 (4) . At these early ages, the developing VTel comprises the medial and lateral ganglionic eminences and globus pallidus, which together function as intermediate targets for TCA pathfinding and several axon guidance ligands and receptors (5-8) mediate proper guidance.
Descending cortical axons first navigate into the VTel around age E13.5, 1 d after TCA emergence into the ventral-most aspects of the VTel (4, 9, 10) . Initially, the corticofugal axon (CFA) and corticothalamic axon (CTA) projections, from cortical layers V and VI, respectively, grow together into the IC, but then diverge. CTAs turn dorsally into the thalamus, whereas most of the CFAs continue into the ventral cerebral peduncle fiber bundle en route to lower brain targets (2) . Before the development of these mature axon tracts, however, descending pioneer cortical fibers from the developing cortical subplate extend in the same physical space as ascending TCA fibers, and these opposing pathways have been demonstrated to cofasciculate with each other within the VTel (4, 11, 12) . The "handshake hypothesis" proposed that TCAs navigate to their appropriate cortical regions by cofasciculating with reciprocal descending cortical axons encountered near the pallial-subpallial boundary (11, 13, 14) ; however, the functional importance of the handshake has remained controversial (15) .
Eph receptors and ephrins have several functions in the development of the mammalian nervous system, including the proper navigation of axon growth cones (16) (17) (18) . The Eph family of receptor tyrosine kinases is divided into two subgroups: the A class (A1-A8 and A10) and the B class (B1-B4 and B6), based largely on their similarity and binding preferences for ephrinA and ephrinB ligands (17) . The high affinity interaction between Ephs and ephrins, typically upon cell-cell contact, triggers both forward and reverse signaling events that promote reorganization of the F-actin cytoskeleton (16, 19, 20) , a cellular process critical for axon turning, outgrowth, and cell migration.
Using a variety of mouse genetic approaches, we show here that EphB1 and EphB2 receptor forward signaling, working together with the ephrinB1 ligand, is required for the proper reciprocal navigation of a subset of TCA and CTA fibers in the developing mouse brain. Our findings suggest that descending cortical axons selectively cofasciculate with specific TCA subpopulations to coordinate reciprocal cortical-thalamic connectivity in early brain development.
Results

EphB1 and EphB2
Receptors Regulate Axon Guidance in the VTel.
EphB1 and EphB2 receptors are both expressed in the developing cortex (21, 22) . To test their role in cortical axon guidance, we assessed L1-cell adhesion molecule+ (L1-CAM + ) axons traversing the VTel in wild-type (WT), EphB1 −/− , EphB2 −/− , and EphB1/2 double knockout (DKO) (EphB1
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In this study, we report a critical role of EphB forward signaling in proper thalamocortical axon guidance. Moreover, our findings provide support for the controversial "handshake hypothesis," which proposed that cofasciculation of specific thalamic and cortical axons controls proper cortical and thalamic interconnectivity. Finally, growing evidence suggests cortical synaptic connectivity and white matter tract development are abnormal in autism. The recent identification of a de novo EPHB2 kinase domain mutation in an individual with autism suggests that a deficit in EphB forward signaling might result in abnormal brain wiring and enhanced risk for autism.
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−/− ) mice at postnatal day 0 (P0). In EphB1 −/− mice, we observed significant axon guidance defects within the VTel and adjacent to the IC-guidance errors that were not observed in either WT or EphB2 −/− mouse brains ( Fig. 1 A-C) . Specifically, EphB1-deficient mice showed disorganization of the radial array of cortical and thalamic axons spanning between the cortical IZ and the IC (Fig. 1 D and E) , and we observed large axon bundles that aberrantly extended toward the ventral brain floor (Fig. 1 D and E and Fig. S1 ). Interestingly, EphB1/2 DKO mutant mice had a more severe guidance defect compared with EphB1 −/− mice (Fig. 2 A and G ) in which their intracellular domains are replaced with β-galactosidase (lacZ) (23, 24) . These chimeric EphB receptors are expressed at the cell surface and mediate ephrinBmediated reverse signaling in vivo, but lack EphB forward signaling events. EphB1
Tr/Tr mice had similar axon guidance errors in the VTel as EphB1 −/− mice, including a similar phenotypic severity and penetrance (Fig. 2 B and G), whereas mice lacking EphB2 forward signaling (EphB2 Tr/Tr ) had normal VTel axon patterning ( Fig. C and G) . EphB1
Tr/Tr EphB2 Tr/Tr double KI mice displayed a more severe, hyperfasciculated VTel misprojection phenotype (Fig. 2 D and G) , similar to the VTel guidance errors observed in EphB1/2 DKO mice.
We next analyzed an analog-sensitive EphB receptor KI mouse (AS-EphB) that possesses point mutations within the conserved intracellular kinase domain that renders the endogenous EphB1-3 receptors sensitive to the reversible kinase inhibitor, 1-NA-PP1, in vivo (25) . Twice daily injections of vehicle or 1-NA-PP1 (80 mg/kg) to timed-pregnant AS-EphB mutant (or WT control) mice from E12.5 to E19.0 resulted in significant VTel axon guidance errors, including severe ventral misprojections (Fig. 2 E-G and Figs. S2 and S3; see Fig. S6B ). The severity of the inhibitor-injected AS-EphB mutant phenotype was reduced in drug-injected AS-EphB mutants compared with EphB truncated mutant mice, possibly due to partial effects of kinase-independent roles for the EphB intracellular domain or incomplete inhibition of the mutant EphB receptor kinase activity in vivo. Nonetheless, these findings specifically implicate EphB tyrosine kinase activity in VTel axon guidance in vivo.
EphB1/2 Receptors Mediate Thalamic Axon Guidance in the VTel. We next analyzed control and EphB1/2 DKO mutant mice at earlier developmental periods when most thalamic and cortical axons are first navigating within the VTel (e.g., E12.0-14.5). At E14.5, ascending L1-CAM + TCAs populate the ventral-most portions of the VTel and have already reached the IZ beneath the cortical plate (26) , whereas descending deep-layer cortical axons have only penetrated the dorsal half of the VTel (4, 27) (Fig. 3A and Fig. S4 ). To selectively visualize axons derived from cortical subplate and deep-layers regions, we used: (i) FezF2-GFP mice that express GFP in both deep layer and subplate cortical neurons Tr/Tr EphB2 Tr/Tr mice, evidence of a misprojected posterior branch of the anterior commissure is noted by yellow arrowhead. (E and F) Injection of the EphB kinase inhibitor, 1-NA-PP1, from E12-E19 produced VTel axon guidance errors. (G) Quantification of VTel axon guidance errors, as described in SI Methods. **P < 0.01, ****P < 0.0001, Fisher's exact test (Fig. S2) .
during development and in layer-5 cortical neurons specifically at postnatal ages (CFAs) (Fig. 3A and Fig. S4 ) (28) , and (ii) Golli-tau-GFP mice that express a tau-GFP fusion protein under the control of the Golli gene promoter, which confers selective expression in cortical subplate and layer-6 neurons (CTAs) (Fig.  S4) (27) . In Fezf2-GFP;EphB1/2 DKO mice at E14.5, we observed clear L1-CAM + TCA guidance defects in the ventral VTel in a region ventral to the GFP + cortical axons (Fig. 3B ). Thalamic anterograde axon labeling with a lipophilic fluorescent tracer revealed clear overlap with the misprojected VTel L1-CAM + axons (Fig. 3C ). Analysis of EphB1/2 DKO mice at E13.0-a time when thalamic axons are selectively labeled by L1-CAM antibodies in the ventral VTel (26, 29) and when the TCAs are turning dorsally across the DTB en route to the cortical plate (reviewed in refs. 9 and 15) -we observed a subpopulation of L1-CAM + axons that projected laterally in the ventral VTel ( Fig. 3 D and F) . Some of these mislocalized fibers showed a delayed dorsal turn into the dorsal VTel ( Fig. 3 E and F, arrows) .
To determine when and where EphB1 and EphB2 are expressed during the periods when the TCA guidance errors were first being observed (∼E13), we analyzed β-gal expression in EphB1
Tr/+ or EphB2 Tr/+ mice using X-gal staining for the EphB1-lacZ or EphB2-lacZ fusion protein (23, 24) . We observed strong expression of EphB1-lacZ in a restricted region of the caudal thalamus (Fig. 4A , arrow) and within the VTel region, whereas EphB1 was largely undetectable in cortical plate regions at E13 (Fig. 4A ). EphB2-lacZ expression was also observed in the caudal thalamus at E13.0 (Fig. S5 ), albeit in a distinct, but overlapping, pattern compared with EphB1. Because EphB1 and EphB2 are most highly expressed in the caudal thalamus, we labeled the rostral and caudal thalamus with two different anterograde lipophilic dyes to study the topography of TCA fibers within the ventral VTel. In control mice, caudal TCAs populated the ventral-lateral region of ascending VTel axons, whereas the rostral TCAs populate the dorsal-medial portion of the ascending TCA fibers in the VTel (Fig. 4B ), suggesting that caudal thalamic axons navigate selectively in the ventrolateralmost regions of the VTel. Using this approach in EphB1/2 DKOs at E14.5, misprojected VTel axons were exclusively labeled with the caudal, but not rostral, thalamic dyes, suggesting misprojected axons in EphB1/2 DKO mice are largely derived from caudal thalamus (Fig. 4C, arrow) .
Deep-Layer Cortical Axon Guidance Errors in EphB Mutant Mice.
During normal development, CFA (layer 5) and CTA (layer 6) fiber projections navigate together through the VTel and into the IC (2, 30) , and are thought to cofasciculate or comingle with ascending thalamic fibers. In the EphB1/2 DKO mice at P0, we observed that the misguided VTel axon fascicles (L1-CAM + ) colabeled with both CFA and CTA axons ( Fig. 5 A and B) , indicating that a subpopulation of CTAs and CFAs misproject into the same VTel region as, and possibly via cofasciculation with, Tr/+ mice show a low-rostral to high-caudal thalamic expression of EphB1-lacZ (arrow). LacZ expression is also observed throughout the VTel region and in the hippocampal region, but is largely absent in cortical regions. (B) Diagram of the dual thalamic labeling at E14.5 using NeuroVue-Red (NV-Red) tracer (rostral thalamus) and NeuroVue-Jade (NV-Jade) tracer (caudal). In control mice (EphB1 +/− EphB2 +/− ), the caudal thalamic placements preferentially labeled the ventrolateral TCA populations in the VTel, whereas the rostral thalamic placements (red) labeled the dorsomedial TCA populations (see Inset). (C) Same as in B, except labeling of EphB1/2 DKO mice at E14.5. Rostral and caudal tracer placements are shown (yellow and black arrow, respectively). Caudal thalamic tracers selectively labeled misprojected TCAs in VTel (green; white arrows in Inset) of EphB1/2 DKO embryos.
the earlier misprojected thalamic axons. Analysis of Fezf2-GFP; EphB1/2 DKO mice at E16.0, a developmental stage when most GFP + cortical axons have descended midway through the VTel, revealed descending CFAs that were extending along, and highly intermingled with, the aberrant L1-CAM + axon fascicles (Fig.  6A) , suggesting that some cortical axons extend along preexisting, misprojected TCAs. Consistent with this observation, transient inhibition of EphB kinase activity in pregnant AS-EphB KI mice from E12.0 to E14.5, a time frame that spans early TCA guidance through the VTel, produced robust VTel axon guidance errors when analyzed at E19.5 ( Fig. 6B and Fig. S6 A and B) .
Analysis of Cortical Axon Guidance Errors in EphB Mutant
Mice. To determine the origin of the misprojected cortical axons in EphB1/2 DKO mice, we placed NeuroVue carbocyanine dyesoaked filters into random positions across the entire cerebral cortex in EphB1/2 DKO (or control) mouse brains (P0), and analyzed anterograde-labeled cortical axons (Fig. 6C) . With this approach, we efficiently labeled a limited number of descending cortical axons for each implanted brain ( Fig. 6D and Fig. S6C ), and observed that misprojected VTel axons originated from two discrete cortical subregions (Fig. 6E, red boxes) . The largest cortical subregion mapped to the putative somatosensory cortex of the P0 brain, whereas the smaller cortical subregion localized to a border region of the putative somatosensory and auditory cortices. As such, these findings suggest that the misprojected cortical axons do not randomly misproject along TCA fascicles, but originate from discreet cortical subregions.
EphrinB1 Is Required for the TCA Guidance in the VTel. To determine the potential in vivo ligand for EphB1/2-dependent TCA guidance, we first assessed a likely candidate, ephrinB2, which is expressed in the ventral-lateral VTel at E13.0 (Fig. S7) . Because ephrinB2 −/− mice die prenatally at ages E9-E10 due to cardiac valve formation defects (31), we generated ephrinB2 conditional KO (cKO) mice (32) by crossing floxed ephrinB2 mice with
Nestin
Cre , which generated cortical plate-specific recombination by E13.5, or FoxG1
Cre , which generated brain-wide recombination by E13.5 (Fig. S7) . Neither of these ephrinB2 cKO mice had apparent VTel axon guidance defects, suggesting that ephrinB2 is dispensable for TCA guidance.
We next analyzed ephrinB1 expression levels at E12.5-E14.5 using a Tet-inducible ephrinB1 rtTA ;TetO-tdTomato reporter mouse line. At E12.5 and E13.5, we observed high levels of ephrinB1 expression in ventral-lateral VTel regions, dorsal VTel regions, and throughout the cortical plate, but no detectable expression in the thalamus (Fig. 7A) . Interestingly, at E13.5 we also observed a region of ephrinB1 expression along the ventral brain border where TCA fibers are misguided in EphB-deficient conditions (Fig. 7A, yellow arrow) , as well as the near complete absence of ephrinB1 in the TCA axon-spanning region of the ventral VTel (Fig. 7A, white arrow) . To test whether ephrinB1 is required for TCA guidance in the VTel, we generated brainwide ephrinB1 cKO mice (FoxG1
Cre/+ ;ephrinB1 loxP/Y ). We observed significant TCA guidance errors at E13.0 reminiscent of the EphB1/2 DKO mice TCA errors (Fig. 7B) . This strongly suggests that ephrinB1 is a critical ligand for EphB1/2 in normal TCA guidance.
Discussion
We report here that EphB1, and to a lesser extent EphB2, kinase-dependent signaling plays an essential role in the proper guidance of TCAs in the VTel region of the developing mammalian forebrain in vivo. EphB1 and EphB2 receptors are expressed in the developing caudal thalamus at a time when TCAs are turning from the ventral-portion of the VTel toward the IZ and developing cortical plate. In addition, ephrinB1 is expressed in regions surrounding the developing TCA fibers in the VTel, and ephrinB1 cKO mice have TCA guidance errors similar to EphB1/2 DKO mice. Finally, we find that in EphB1/2 DKO mice descending cortical axons from discrete cortical subregions are misprojected in the VTel. As such, our data suggest that, at least in some cases, specific TCAs might selectively cofasciculate with descending cortical axons from discrete functional subregions to facilitate proper reciprocal connectivity (Fig.  S8 ), generally consistent with the handshake model of corticalthalamic reciprocal connectivity. The major contributor to our observed cortical-thalamic axon guidance phenotypes, EphB1, is highly expressed in the caudal thalamus during TCA navigation in the VTel (Fig. 4A) . Interestingly, this caudal thalamic region preferentially populates the most ventral-lateral portion of the ascending TCA axons (Fig. 4B) and is adjacent to the ventral-lateral VTel region of ephrinB1 expression (Fig. 7A) . Based on the expression patterns of EphB1, EphB2, and ephrinB1 and the timing and location of axon guidance errors in the VTel, our findings suggest that EphB1/2 receptors in caudal thalamic neurons mediate repulsive axon guidance when they encounter ephrinB1 expressed in the ventrolateral VTel (Fig. S8) . However, because EphB1 expression is found in both thalamus and VTel regions, future analysis of EphB1 cKO mice with thalamic-, cortical-or VTel-selective gene deletion will better address the questions of whether (i) EphB1 in thalamic neurons functions cell autonomously to mediate normal TCA guidance in the VTel (ii), EphB1 functions in cells of the VTel region to control normal axon guidance, and/or (iii) whether cortical EphB1 receptors play a critical role in the guidance of deep-layer cortical axons and their thalamic axon counterparts.
Previous studies have described the guidance mechanisms that properly guide TCA fibers along their lateral and longitudinal pathways to the developing neocortex (reviewed in ref. 9 ). Multiple axon guidance ligands and receptors regulate TCA development (5, 6, 8, (33) (34) (35) . EphrinA5 is expressed within the VTel along a high-rostral to low-caudal gradient that maintains proper topographic organization of EphA-expressing TCAs from the rostro-medial thalamus to their rostral-cortical target regions (5) . In addition, migration of Nkx2.1-expressing cells within the developing VTel has been proposed to organize a TCA permissive corridor by creating a ventral repulsive boundary (36) (37) (38) . Unexpectedly, in WT mice at E13, we observed that the vast majority of the thalamic-derived L1-CAM + axons (26, 29) did not avoid the Nkx2.1-expressing region, but rather overlapped this population almost completely (Fig. S9) . Our findings suggest that the Nkx2.1 + region is largely permissive to L1-CAM + TCAs at E13.0, but switches to a repulsive region later in embryonic development and pushes TCA fibers into a more structured, dorsal-medial VTel region to form the mature IC.
The handshake hypothesis, first proposed more than 20 y ago, was based on the observation that deep-layer cortical axons and TCAs closely interact or comingle. As such, it was proposed that the handshake between these reciprocal fibers might be critical for guiding these axons to their target synaptic zones (13) (14) (15) , although evidence against this model also exists (37, 39) . Although our current study does not directly test the handshake hypothesis, our findings do support the general idea, and further extend its implications for coding reciprocal connectivity. Our findings suggest that EphB1/2 and ephrinB1 assist in the proper navigation of caudal thalamic axons within the VTel, and it is tempting to speculate that this TCA subpopulation might express unique cell surface proteins (e.g., cell adhesion molecules) that selectively cofasciculates with descending cortical axons from discreet cortical subregions to facilitate reciprocal, functional cortical-thalamic connectivity.
Several studies report developmental abnormalities in white matter tracts in autism spectrum disorder individuals (40) (41) (42) , suggesting that deficits in normal axon guidance and connectivity might contribute to the pathophysiology of autism. The recent association of a de novo nonsense mutation in the EPHB2 kinase domain to autism (43) suggests that a deficit in EphB forward signaling increases risk for autism.
Taken together, our findings describe a critical role for EphB1 and EphB2 receptor forward signaling in the process of TCA guidance. Moreover, our findings suggest that selective interactions between caudal-derived, ascending TCAs and descending deep-layer cortical axons might contribute to proper reciprocal connectivity in early development via selective cofasciculation.
Methods
Animals. All EphB mutant mice were previously described (23) (24) (25) 44) . EphrinB1 loxp and EphrinB2 loxp cKO mice were previously described (32, 45 ) express a truncated ephrinB2 protein fused to β-gal (47) . Rosa-tdTomato and TetO-tdTomato mice were acquired from Jackson Laboratories (48, 49) . The Fezf2-GFP and Golli-tau-GFP transgenic mice are previously described (27, 28) . PCR genotyping was performed using published primer sets. All postfixed tissue was fixed at 4°C for 48 h before rinsing with PBS and storage at 4°C in PBS + 0.02% Na-Azide. β-Gal staining of brain slices was previously described (23, 24) . Axon Tracing. Anterograde dye tracing of cortical axons and thalamic axons was performed using focal application of NeuroVue Jade or NeuroVue Red carbocyanine dye filters (MTTI) placed directly into either the neocortex of fixed P0 brains or the thalamus of fixed hemisected E14.5 brains. Dyeimplanted P0 brains were incubated at 37°C for 2 wk (E19-P0 brains) or 1 wk (E14.5 brains) before sectioning. Dye-labeled brains were embedded in 1.5% (wt/vol) agarose before coronal vibratome sectioning (70 μm). Sections were either serially mounted onto glass slides with Aquamount (Thermo Scientific) and counterstained with Hoechst 33342 (Life Tech; 50 μg/mL) or were subsequently immunolabeled for anti-L1-CAM (see Tissue Processing). Focal application points of the NeuroVue dye filter within the neocortex were mapped using a P0 mouse brain atlas (50).
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Generation of BAC-Tg-ephrinB1-rtTA Mice. BAC-Tg-ephrinB1-rtTA (abb: ephrinB1-rtTA) mice contain the second-generation reverse tetracycline transactivator, rtTA-2sM2, knocked into the ORF of BAC ephrinB1 sequences. Transgenic mice were generated as follows: BAC clone RP23-110A15, a BAC from a C57BL/6J background containing 27 kb upstream of the ephrin-B1 start codon, was purchased from the BACPAC resources center at the Children's Hospital Oakland (Oakland, CA). The cDNA for rtTA-2sM2 was targeted into the ephrin-B1 ORF in RP23-110A15 using bacterial homologous recombination (http://web. ncifcrf.gov/research/brb/recombineeringInformation.aspx). Briefly, RP23-110A15 was first transformed into EL250 strain cells, and then targeted with a modified pL451 vector containing an Frtsandwiched Neo/Kan cassette and the cDNA for rtTA-2sM2, flanked by 500-bp homology arms (the targeting vector is thus 500bpLHA-rtTA-2sM2-Frt/Neo/Kan/Frt-500bpRHA) guiding the cassette to the ORF of ephrinB1. Arabinose induction of flpe activity in the targeted BAC was then used to excise the Frt-Neo/ Kan-Frt cassette, leaving rtTA-2s-M2 followed by a single copy of Frt in the ephrinB1 ORF. Proper targeting of the ephrinB1 ORF was confirmed by PCR and restriction endonuclease digests. Pronuclear injection of fertilized oocytes with this BAC-Tg-ephrin-B1-rtTA construct was performed by Transgenic Core facilities at the Department of Developmental Biology, The University of Texas Southwestern Medical Center. EphrinB1 rtTA mutants were cross bred with TetO-tdTomato mice to yield the ephrinB1 rtTA ; TetO-tdTomato reporter line. Doxycylcine (Dox) induction of ephrinB1-rtTA;TetO-tdTomato animals was performed systemically for ∼48 h by feeding animals Dox-treated chow (0.625 g/kg Dox hyclate, Harlan TD.08541) and including Dox in the drinking water (3 mg/mL).
Analysis of Axon Guidance Errors. L1-CAM-or GFP-immunolabeled brain sections, dye-labeled sections, and counterstained sections were imaged on an epifluorescent microscope. Photomicrograph images were produced using an Olympus DP70 CCD digital camera. Confocal z-stack images were obtained on a Zeiss LSM 510 Meta confocal microscope and X-Y-Z plane image analysis was performed with Volocity software (Perkin-Elmer). Pseudocoloring and adjustments in image brightness, contrast, and color balance were made for image clarity. Ventral telencephalon (VTel) axon guidance misprojection errors were scored, under experimenter-blinded conditions, as L1-CAM + fibers that turned in a ventral fashion away from the internal capsule. The moderate misprojection phenotype was classified by the observation of a few thin axon bundles that became misprojected, whereas severe misprojection brains were classified by the presence of several misprojected fibers or thick misprojected fiber bundles.
1-NA-PP1 Administration. 1-NA-PP1 was synthesized as described previously (1, 2), and timed-pregnant wild-type (WT) or ASEphB dam were injected s.c. twice daily with 80 mg/kg 1-NA-PP1 (dissolved in 10% DMSO, 20% Cremaphor-EL, 70% saline) before L1-CAM analysis at E19 (2).
Data Analysis. The Chi square analysis and Fisher's exact test were used to determine statistical significance in the axon misguidance phenotype scoring experiments. Statistics were compiled and graphs were designed using GraphPad Prism software. ) mutant brains stained with X-gal. EphB2 expression continues throughout the caudal thalamus (arrowheads), and becomes expressed in the cortical plate at E14.5 (arrows).
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Caudal Tr/+ truncated mutant brain at embryonic age E13.0 stained with X-gal to label β-galactosidase containing ephrinB2 truncated receptor protein. At this age, ephrinB2 is highly expressed throughout the entire telencephalon including in the VTel where TCA axons are located; however, ephrinB2 is only lightly expressed in the thalamus (Th) and prethalamus (pTh) (n = 3). (B) Representative coronal section of an E13.5 embryonic brain containing the Nestin-Cre driver allele and Rosa-tdTomato reporter gene. Tomato signal (red) represents Nestin-Cre expression, which is specifically localized to the dorsal telencephalon including the developing cortical plate and hippocampal anlage, as well as migrating cells at the ventral midline. (C) Coronal section of a P0 ephrinB1 loxp/Y ;ephrinB2 loxp/loxp conditional mutant containing the Nestin-Cre driver allele. These conditional knockout (cKO) brains have normal axon wiring (n = 6), which indicates that the Nestin-Cre driven conditional deletion of ephrinB1/2 is not sufficient to phenocopy EphB receptor KO axon miswiring phenotypes. (D) Representative coronal section of an E13.5 embryonic brain containing the FoxG1-Cre driver allele and Rosa-tdTomato reporter gene. Unlike Nestin-Cre, FoxG1-Cre expression (red) at this age is ubiquitously expressed throughout the entire brain and other regions of the embryonic head (n = 3). (E) Coronal brain section of an E13.0 ephrinB1 lox/+ ;ephrinB2 loxp/loxp cKO embryo containing the FoxG1-Cre driver allele. These cKO embryos also have normal TCA axon wiring at this early age (n = 3) demonstrating that a single copy of ephrinB1 is sufficient for proper TCA axon development, and that ephrinB2 in VTel is not necessary for the proper guidance of these axons. (F) Control brain section of an ephrinB1 +/+ ;TetO-tdTomato reporter embryo at age E13.5 that is clear of nonspecific tdTomato fluorescence. (G) Combined graphical representation of VTel misprojection scores from FoxG1-Cre driven ephrinB1 (both male ephrinB1 loxp/Y hemizygous and ephrinB1 loxp/loxp homozygous females) and ephrinB2 cKO mutants at E13.0 outlined in Fig. 7 B and C, respectively, compared with FoxG1
Cre/+ controls. *P < 0.05, Fisher's exact test. 
